Abstract Liquefaction of lignocellulosic and cellulosic biomasses produces different polyol properties. Hence, direct comparative studies on the properties of both biomass liquefaction-derived polyols and polyurethane foams (PUFs) have been extensively performed. Optimization of oil palm empty fruit bunch fiber (EFB) and EFB-based cellulose (EFBC) liquefactions was performed in cosolvent polyethylene glycol-glycerol to produce polyols. Hydroxyl (OH) and acid numbers, viscosity, molecular weight, and chemical functionalities of the polyols were analyzed and compared. The optimum liquefaction temperature for both EFB and EFBC was 175°C. However, the optimum liquefaction time of EFBC (180 min) was longer than the time recorded by EFB (90 min).
Introduction
Polyols are organic compounds containing multiple hydroxyl gropus. They are essential for polyurethane (PU) production. PU comprises a group of polymers consisting of units connected by urethane linkages. A versatile polymer, PU can be tuned into thermosets or thermoplastics and used in various applications, such as foams, coatings, adhesive, sealants, elastomers, and films. In general, PU foams (PUFs) can be divided into rigid, semi-rigid, and flexible foams. Rigid PUFs represent more than 50% of the total global demand for PUFs (Akindoyo et al. 2016) .
Most commercial polyols and PUs are synthesized by using petrochemicals. Concerns over continuous depletion of fossil resources have triggered efforts to develop polyols from green and renewable resources. Currently, vegetable-derived oils, proteins, and lignocellulose biomass are exploited to replace or partially substitute petroleum-based polyols (Li et al. 2015) . Considered as the most abundant biomass, lignocellulose materials such as woods and industrial crop wastes are sustainable and cheap raw materials. Lignocellulose contains cellulose, hemicellulose, and lignin as the main constituents and provides natural and highly functionalized compounds with OH groups. Thus, lignocellulose emerges as a promising substitute for petrochemicals in polyol production.
Palm oil is one of the essential commodities and is used in various products, such as foods, pharmaceuticals, soaps, and biofuels (Dislich et al. 2017) . As of October 2017, the total palm oil supply of the world reached 66,865,000 metric tons. Indonesia and Malaysia share the market by 53.84% and 31.41%, respectively (USDA 2017). Extraction and refinery of palm oil generate various by-products and biomass wastes which possess economical potentials. One of the main lignocellulosic biomass from oil palm fresh fruit bunches (FFB) is empty fruit bunches (EFB). The EFB wet weight is estimated to be approximately & 23% of the FFB weight. Statistics showed 91.29 million metric tons of FFB was generated from Malaysian palm oil industry in 2017. Hence, relatively 21 metric million tons of EFB biomass had been produced (MPOB 2017) . At present, EFB is utilized as mulch in plantation areas, palletized foods for ruminants, filler for composites, whereas some portions are burned onsite to generate steam and electricity. Despite, EFB is still underutilized. This biomass has other potentials to be harnessed. Thermochemical processes, such as biomass liquefaction could convert EFB into bio-based chemicals.
Liquefaction of biomass in polyhydric alcohol involves solvolytic reactions that depolymerize biomass macromolecules into smaller fragments in liquid form. Direct liquefaction is one of the most favored processes for converting biomass into bio-based chemicals using various solvents. Phenol and polyhydric alcohols are commonly used as liquefying solvents for the production of bio-based phenolic derivatives ) and polyols (Amran et al. 2017) . As polymer precursors, phenol and polyhydric alcohols have been used in the synthesis of phenolic (Amran et al. 2015; Effendi et al. 2008; Roslan et al. 2014) and PU (Hu et al. 2014; Yue et al. 2017 ) polymers, respectively. Polyethylene glycol (PEG) and glycerol (Gly) are regularly used as solvents to obtain liquefied biomass polyols (Jin et al. 2011) . Binary mixtures of these polyhydric alcohols are also used to produce suitable polyols for rigid or semi-rigid PUFs. A trihydric alcohol, glycerol could provide more OH groups and allows branch formation in PU networks (Kosmela et al. 2016) . Zhao et al. (2012) reported that glycerol could also reduce the recondensation of liquefied products.
Cellulose is rich with OH groups compared to hemicellulose and lignin. Hypothetically, liquefaction of cellulose could provide more OH groups in polyol. However, the high crystallinity and degree of polymerization of cellulose lower its rate of liquefaction (Jasiukaityt_ e et al. 2009; Niu et al. 2011) . Hence, liquefaction of pure cellulose occurs slower than that of lignocellulose and lignin (Hu et al. 2014) . Recondensation only ensues when mixtures of cellulose and lignin are liquefied. On the other hand, no recondensation occurs in individual cellulose and lignin liquefactions (Kobayashi et al. 2004 ). Complexity of liquefied products from both cellulosic and lignocellulosic materials could affect the properties of derived polyols. Thus, liquefactions of these materials and the PUFs produced must be compared.
Lignocellulosic biomasses possess high moisture content, which poses detrimental effects when they were converted into fuels (Rajendran 2017) . Although there are processes to remove the moisture completely, it would be not economically feasible. Similarly, when polyol is produced from lignocellulosic biomass, the moisture could affect the reaction of the polyols with isocyanate (NCO) in the production of PU. Water would react with isocyanates to produce amines and carbon dioxide (CO 2 ), where the released of CO 2 during polymerization and curing processes would produce PU with porous structure. Therefore, it is more preferable that PUFs are produce from lignocellulosic biomass-based polyols. The PUFs produced from mixtures of petroleum-and liquefied lignocellulose-based polyols were found to have higher thermal stability and compressive strength than petroleumbased PUFs (Abdel Hakim et al. 2011; Chen and Lu 2009) . The increase in thermal and compressive properties was contributed by higher crosslinking density and hard segments of the PUFs. Polyurethane foams synthesized solely using polyols derived from liquefied lignocellulose possessed their own sets of unique properties depending on each polyol properties. Generally, OH number, functionality, and molecular weight of the liquefied lignocellulose-based polyols determine the properties of PUFs (Hu et al. 2014) .
In this experiment, optimization of liquefaction temperature and time, and their effects on physical and chemical properties of polyols were carried out and compared. In addition, the optimized EFB and EFBC polyols were used to synthesize rigid PUFs. Compressive and thermal properties of both PUFs synthesized from optimized EFB and EFBC polyols were determined and compared.
Experimental

Materials
EFB fiber and pulp sheet were supplied by Palm Oil Research Institute of Malaysia (PORIM), and purchased from Eko Pulp and Paper Sdn Bhd. Malaysia, respectively. EFBC was extracted from the pulp via chlorite bleaching. EFB fiber and EFBC were ground and sieved through an 50 mesh screen, and dried at 100°C for 24 h. Then, the EFB and EFBC were stored in a desiccator. Reagent grade, polyethylene glycol with average molecular weight (M w ) of & 400 (PEG), glycerol (Gly) and sulfuric acid (H 2 SO 4 , 95-98% purity) were purchased from R&M Chemicals. Sodium hydroxide (NaOH), sodium chloride (NaClO 2 ), magnesium oxide (MgO), phthalic anhydride, imidazole, pyridine, 1,4-dioxane, and 1,4-diiazabicyclo[2,2,2]octane (DABCO) were purchased from Sigma Aldrich. Polymeric methylene diphenyl diisocyanate (PMDI) with commercial name, Grownate 200 (isocyanate (NCO) content & 32%) was supplied by Growchem Sdn. Bhd., Kajang, Malaysia. The mixture of PEG and Gly (PEG/Gly, 4/1 v/v ratio) was prepared as liquefaction solvent.
Bleaching process
Remaining lignin and hemicellulose in the EFB pulp was bleached by using the method reported by Gan et al. (2015) but with some modifications. The pulp sheets were cut and soaked in distilled water for 24 h, then disintegrated. Four-stages bleaching method (D-E-E-D) was used. The letter D refers to bleaching step using 1.7% NaClO 2 at 80°C for 4 h, whereby E represents alkaline treatment using 4-6% NaOH solution at 80°C for 3 h. Subsequently, the bleached pulp was washed and neutralized with ultrapure water. Afterwards, it was dried and EFBC was obtained.
Liquefaction process
Liquefaction was conducted in a glass reactor equipped with an overhead mechanical stirrer and a reflux system. Biomass (EFB or EFBC) (150 g), PEGGly solvent (750 g), and sulfuric acid, (H 2 SO 4 , 3 wt% of the solvent used) were placed into the reactor. Designated temperatures (130, 145, 160, 175 and 190°C) and times (60, 90, 120, 150, and 180 min for EFB and 60, 90, 120, 150, 180 , and 210 min for EFBC) were used for liquefactions at a constant stirring speed (600 rpm). Immediately after the reaction, cold water (5-10°C) was used to quench the flask. Dioxane-water (4/1 v/v) solution was used to dilute the liquefied products. The mixture was stirred for 30 min and filtered to remove residues. The liquefaction residues were washed and dried. They were weighed to determine the percentage of residue produced. The liquefaction residue percentage was calculated by using Eq. (1):
where W r is the weight of the liquefaction residue and W i is the initial weight of the biomass sample. MgO was used to neutralize the filtered liquefied product. Again, the neutralized liquefied product was filtered to remove salts. The diluent was removed via evaporation at 60°C and low pressure. The remaining viscous black liquid product was referred to as EFB or EFBC polyol accordingly. A mixture of PEGGly (750 g) and H 2 SO 4 (3 wt%) was heated at 175°C for 90 min to prepare a reference sample. This reference sample was referred to as ''treated PEGGly''. All liquefactions at respective parameters were duplicated.
Analysis on OH and acid numbers of polyols Standard esterification of polyols using phthalic anhydride was carried out according to ASTM D4274 (Test Method D) (ASTM 2016b) to determine the OH number of polyols. Phthalic anhydride (112 g) and imidazole (17 g) was mixed in pyridine (700 mL) to prepare phtalation reagent. A mixture of polyol (1 g) and phthalation reagent (25 mL) was heated (100°C, 15 min) and then cooled to room temperature. Then, pyridine (50 mL) and ultrapure water (10 mL) was added. The mixture was titrated with NaOH (0.5 M) solution to its equivalence. All polyol OH numbers were measured in duplicates. The OH number of polyols was calculated using Eq. (2):
where B 1 and S represent the volume (mL) of the blank (no polyol) and sample at the equivalence point, respectively; N is the normality of NaOH solution; and W refers to the sample weight (g). Acid number of polyols was determined according to the ASTM D4662 (ASTM 2015a). Polyol (4 g) in a 50 mL dioxane-water (4/1 v/v ratio) solution was titrated with NaOH (0.1 M) solution to its equivalence. Measurement of acid numbers of all polyols were duplicated. The calculation for the acid number of polyols was based on Eq. (3):
where S and B 1 denote the volume (mL) of the sample and blank (no polyol) at the equivalence point, respectively; N refers to the normality of NaOH; and W represents the sample weight (g).
Viscosity and gel permeation chromatography (GPC)
Viscosity of the polyols was determined by using a viscometer (Brooksfield DV-I Prime), and the average of three measurements was reported as the viscosity value. The molecular weight of polyols was analyzed via a gel permeation chromatography (GPC) equipped with a Waters 2695 Separations Module, Waters 2414 detector, and styragel HR5, HR3, and HR1 (7.8 mm 9 300 mm) columns in series. Tetrahydrofuran (THF) was used as an eluent with a flow rate of 1 mL/min. Prior to GPC analysis, all polyol samples had undergone benzoylation according to the procedure reported by D'Souza and Yan (2013) with slight modifications. A mixture of polyol (125 mg), pyridine (6.7 mL), and benzoyl chloride (77 lL) was stirred and heated at 80°C in a vial for 2 h. Afterward, the mixture was diluted with water-ethanol solution (50 mL) and stirred for 5 min. Then, the diluted mixture was subjected to two liquid toluene extractions. The toluene was evaporated, and the residue was dissolved in THF and filtered for analysis. The amount of benzoyl chloride used was in excess of the moles of OH groups (1.1:1). Moles of polyol OH groups (M) were derived from OH number via Eq. (4):
Preparation of PUFs
The optimum EFB and EFBC polyols were used to prepare PUFs via one-shot method. The PUFs were prepared by using an isocyanate (NCO) index of 120 in a 60 9 60 9 90 mm 3 (width 9 length 9 height) rectangular-shaped paper box. First, polyol (30 g) was mixed with DABCO catalyst (0.15 g) and ultrapure water (0.6 g) as a blowing agent at ambient temperature and then swirled for 2 min. Afterward, a preset amount of PMDI was added into the mixture and stirred with a mechanical stirrer (1000 rpm) for 90 s. The EFB and EFBC polyols based PUFs were referred to as EFB PUF and EFBC PUF, respectively. The amounts of reactants for the foaming reaction were determined according to Eq. (5):
where M PMDI represents the NCO group content in PMDI (mol/g); W PMDI refers to the weight of PMDI (g); M Polyol denotes the OH group content of polyol (mol/g); W Polyol stands for the weight of polyol (g); and W Water is the weight of water (g).
Fourier transform infrared (FTIR) spectroscopy
Analysis was performed on a FTIR spectrometer (Bruker, Alpha) equipped with an attenuated total reflectance (ATR) sampling cell. A total of 10 mg of each sample (polyols or PUFs) was used for the analysis. PUF samples were crushed into powder prior to the analysis.
Cellular morphology characterization
The morphology of the cellular structure of PUFs was observed by scanning electron microscope (SEM) (Philips XL-30). Five specimens from each PUF were cut, dried, and coated with gold prior to the analysis. The cell size in two dimensional (2D) micrographs was measured according to the method reported by Chen et al. (2015) . The diameters of incircles of cells were measured as cell sizes. The 200 largest cells from each PUF were measured for the cell sizes. A pycnometer (AccuPyc II 1430, Micromeritics) was used to determine the closed-cell content of PUFs using nitrogen gas according to ASTM D6226-15 (ASTM 2015b).
Compression test
The compressive strength of the foams was determined by using a universal testing machine (Testometric M500-100CT) at ambient temperature in accordance to ASTM D1621 (ASTM 2016a). Specimens were cut in a dimension of 60 mm 9 60 mm 9 60 mm (length 9 width 9 height). Prior to the compression test, apparent density of all specimens was determined according to ASTM D1622-14 (ASTM 2008). Compression orientation was parallel to the foam rise direction. The crosshead speed was fixed at 2 mm/min with a load cell of 10 kN. The value of compressive stress at 10% strain was recorded as compressive strength. Three replicates per sample were tested, and the results were averaged.
Thermogravimetric analysis (TGA)
TGA measurements were performed using a thermal analyzer (Mettler Toledo TGA/DSC 1 HT 1600). A total of 10 mg of each PUFs sample was heated from ambient temperature to 900°C with a heating rate of 10°C/min under inert nitrogen atmosphere.
Results and discussion
Effects of liquefaction parameters on residue
Interdependence effects of temperature and time on the liquefaction yields were studied to determine the optimum parameter for each biomass. The liquefaction yields are expressed in the form of percentage of residue (%) for the actual representation of biomass conversion. A lower amount of residue produced implies higher conversion efficiency. Figure 1a , b show the influence of liquefaction temperature and time on the residues percentage of EFB and EFBC, respectively. As shown in Fig. 1a , the lowest residue for EFB liquefaction (4.42%) was obtained at 175°C and 90 min reaction. On the other hand, the lowest EFBC residues formed were approximately & 1.0% (Fig. 1b) . The liquefaction of EFBC at 175°C produced 1.19% residue in 180 min, whereas at 190°C, ca. 1.42% residue was obtained in 150 min. The former conditions were selected as the optimum parameters for EFBC liquefaction because they produced polyol with higher OH number as will be discussed later. The EFB and EFBC polyols obtained at optimum parameters were later referred to as optimum EFB and EFBC polyols, respectively. According to Fig. 1a , all EFB residues decreased from 130 to 160°C. Major portion of amorphous cellulose, hemicellulose, lignin, and extractives were liquefied around 130-145°C. Small portion of crystalline cellulose might also be liquefied (Amran et al. 2017; Pan et al. 2007) . A major fraction of high crystalline cellulose was liquefied at 160°C given that a high temperature was required to enhance solvent penetration and catalytic attack onto cellulose b-1,4-glycosidic bonds (Amran et al. 2017; Jasiukaityt_ e et al. 2009; Wu et al. 2017) . Thus, these liquefied lignocellulosic components had contributed to the decrease in residues. However, high temperatures (160-190°C) had promoted severe recondensation, causing the increase in EFB residues.
Liquefaction of lignocellulose is a complex chemical process. Relatively, EFB contains 38% cellulose, 24% lignin, 23% hemicellulose (21% xylan and 2% mannan), 14% extractives, and 1% ash (Amran et al. 2017) . During the liquefaction reaction, each lignocellulosic component degraded into smaller interreactive derivatives. For instance, macromolecular cellulose is hydrolyzed into glucosides, levulinates, 5-hydroxymethylfurfural (5-HMF), and aldehydes (Wang et al. 2014 ). These cellulose derivatives were then recondensed with lignin phenolic derivatives to form insoluble residues via recondensation reaction. Conjointly, lignin polymerization with hemicellulose (i.e., xylan) and self-condensation at elevated temperature have also contributed to the increased in residues (Matsushita et al. 2004) .
EFB is classified as grass (Ek et al. 2009 ) and its lignin consists of all three phenylpropanoid units, namely, hydroxyphenyl (H), guaiacyl (G), and syringyl (S) with a ratio of 1:15:34 (H:G:S) (Timilsena et al. 2013) . Syringyl has higher susceptibility to thermal degradation and dissolution in alcohols than guaiacyl. On the other hand, guaiacyl tends to involve in recondensation and self-condensation more than the other units (Timilsena et al. 2013) . Therefore, the liquefaction of lignin or delignification relies on lignin composition and the ratio of S/G (Tsutsumi et al. 1995) . Most of EFB lignin was liquefied at low temperature since it possesses high S/G (34/15) ratio. The optimum temperature had minimized the effects of lignin self-condensation and recondensation.
On the contrary, the absence of lignin eliminated the effects of recondensation on EFBC liquefaction. Figure 1b shows that all EFBC residues decreased with increasing temperature. Less than 60% of EFBC was liquefied from 130 to 145°C. Only amorphous, low-molecular-weight, and some crystalline cellulose might be liquefied within these temperatures. When the temperature rose to 160°C, the EFBC residues reduced significantly and achieved the minimum value (& 1%) at 175 and 190°C. The remaining residue might be resulted from the carbonized products and/or silica (Amran et al. 2017; Lyu et al. 2015) .
Time caused different effects on both EFB and EFBC liquefaction residues. Overall, the lowest EFB residues formed within 90-120 min at all temperatures. Recondensation occurred as time was extended. Hence, obtaining the optimum time is vital in EFB liquefaction. No remarkable recondensation effect was observed in EFBC liquefaction. However, previous research reported that cellulose derivatives recondensed to form aromatic compounds and other polymers, but this outcome could be prevented by using a mixture of PEG-Gly cosolvent (Russell et al. 1983; Yamada et al. 2001) . The EFBC residues continuously decreased over time. Therefore, liquefaction of EFBC could be prolonged until the desired polyols properties are achieved.
Hydroxyl and acid numbers of polyols Temperature and time had influenced the liquefaction yield of EFB to a certain extent. Hence, studies should aim to understand the interdependence of temperature and time effects on the OH and acid numbers of EFB polyols. Figure 2a , b present the temperature-time effects on the OH and acid numbers of EFB polyols, respectively. As depicted in Fig. 2a , OH numbers of all EFB polyols were below that of the original PEGGly polyol (372.60 mg KOH/g) but still above the treated PEGGly polyol (91.17 mg KOH/g). These results indicate the loss of OH compounds in PEGGly due to degradation during liquefaction, and this loss was compensated by OH compounds from the liquefied products.
The OH numbers of EFB polyols increased from 130 to 175°C. Most, OHs were substituted by the liquefied lignin and hemicellulose (130-145°C). Compared with cellulose, hemicellulose and lignin yielded lower OH groups but higher carbonyl (C=O) and methoxy (O-CH 3 ) groups, respectively (Yang et al. 2007 ). Afterward, cellulose derivatives acted as the main source of OH replacement (160-190°C). The optimum EFB polyol (175°C) yielded the highest OH number (228.08 mg KOH/g), and the subsequent decline (190°C) might be caused by the higher degradation rate of OH compounds and severe recondensation. Thus, optimization must consider the balance between the liquefaction yield and OH number of the polyols produced.
As illustrated in Fig. 2b , the OH number of EFB polyols decreased over time. High degradation and recondensation rate of EFB at 175°C had simultaneously caused OH compounds (i.e., glucosides, levulinates, formates, and phenolics) to dissociate into organic acids (levulinic, formic, acetic, oxalic, and 2-hydroxybutyric acid) or/and be consumed in recondensation (Zhang et al. 2007 ).
Both Fig. 2a, b show that the acid numbers of EFB polyols increased with increasing temperature and time. Higher concentration of organic acids was produced at higher temperature and longer time, thus contributing to the increased acid number of polyols. Figure 3a , b display the liquefaction temperaturetime effects on the OH and acid numbers of EFBC polyols, respectively. Only polyols at 160-190°C were analyzed as considerable amounts of EFBC residues were produced. The OH number for the optimum EFBC polyol (175°C, 180 min) reached 270.49 mg KOH/g (Fig. 3a) . All EFBC polyols produced at 160 and 175°C exhibited higher OH number than the optimum EFB polyol. These findings suggest that cellulosic liquefaction produces more OHs than lignocellulosic liquefaction. However, at 190°C, EFBC polyols presented a lower OH number than optimum EFB polyol when liquefaction performed over 180 min. This phenomenon was caused by the extreme degradation of OH compounds at high temperatures. Table 1 presents the OH number, viscosity, and molecular weight (Mw) of the polyols used in foaming process (except the treated PEGGly). For comparison, only the optimum EFB and EFBC polyols were selected to produce EFB and EFBC PUFs, respectively. PEGGly polyol was used to prepare PEGGly PUF as the reference sample.
Properties of polyols
Factors affecting the OH number of polyols were previously discussed. Viscosity and molecular weight of polyols are correlated and bear importance in determining PUF properties. Reduction of viscosity and molecular weight of the treated PEGGly from the original PEGGly were due to the reduction of polymer chains. The results showed that polyol with low molecular weight possessed low viscosity. Recondensation effect in EFB liquefaction produced the EFB polyol with the highest viscosity and molecular weight. On the other hand, EFBC polyol exhibited the lowest viscosity and molecular weight because it underwent more severe alcoholysis due to longer liquefaction time (180 min) than the other polyols (90 min).
FTIR analysis of polyols and PUFs
FTIR analyses were carried out on the EFB and EFBC polyols to study the changes of chemical functionality (Mainka et al. 2015) , 1210 (C-O stretching vibration of phenolic) (Li et al. 2016) , 1370 (phenolic O-H bending), 1600 (phenolic aromatic ring), 1645 (conjugated C=O groups due to the oxidation of lignin) (Amran et al. 2017; Aracri et al. 2014 ) and 3740 cm -1 (-OH stretching in lignin) (Popescu et al. 2010) appeared in the EFB polyol (Fig. 4a) . These peaks correspond to lignin degradation products present in the polyol. Noticeably, two existing peaks at 840 (C-H of aromatic compounds) (Heredia-Guerrero et al. 2014 ) and 1735 cm -1 (C=O stretch of cellulose derivatives) sharpened at 130°C. The peak attributed to lignin aromatic derivatives at 840 cm -1 had overlapped with the original peak from PEGGly polyol. From the results, it can be concluded that majority of lignin and part of hemicellulose and amorphous cellulose degraded and liquefied at 130°C. As temperature increased, the 1645 and 1735 cm -1 peaks increased, suggesting that the degradation of lignin and cellulose respectively increased with temperature.
The IR spectra of PEGGly and all EFBC polyols were almost identical (Fig. 4b) . The only significant change that occurred was the intensification of 1735 cm -1 peak, and this result was attributed to the carbonyl groups from cellulose derivatives. In contrast to EFB polyol, the intensity of the same peak intensified at 145°C for EFBC polyol. As the EFBC was obtained via bleaching of the EFB pulps, it might consist of more crystalline cellulose than that of the cellulose in EFB fibers. Thus, EFBC requires higher temperature to be degraded than EFB (Hubbell and Ragauskas 2010) . A small shoulder peak at 760 cm -1
indicates the presence of carboxylic acids from the extensive degradation of cellulose (Lv et al. 2015) .
Comparatively, the optimum EFB polyol (175°C) contains more new functional groups derived from the biomass than that of the optimum EFBC polyol (175°C). Cellulose, hemicellulose and lignin derivatives in EFB polyols are inter-reactive and could lead to formation of condensed polymeric products. Since phenolic OHs are more reactive than the OHs of polyhydric alcohols solvent, cellulose would react with the phenolic lignin derivatives instead of the solvent during liquefaction. This happens via nucleophilic displacement reaction, where phenoxide ions (nucleophile) from lignin derivatives attacked and displaced the C 1 of cellulose pyranose structures (Kobayashi et al. 2004 ). The reaction produces phenolic polymers with different molecular weight. If the condensed phenolic polymer has a high molecular weight, it would become insoluble in liquefying solvent and removed as liquefaction residue together with unliquefied portion (Niu et al. 2011) . Recondensation of lignin phenolic derivatives can be seen as the gradual decrease of 750, 840 and 1210 cm -1 peaks intensity from 130 to 190°C (Fig. 4a) . On the contrary, EFBC polyol did not recondensed into solid residue. In a cellulosic liquefaction using polyhydric alcohol, cellulose is initially degraded into glucose and other derivatives via solvolytic reactions. Then, the derivatives would further react with the solvent to form glycosides. Prolonged reaction would convert the glycosides into levulinic acids or/and levulinates (Yamada et al. 2007 ). Hence, chemical functionalities of both EFB and EFBC polyols were determined by the extent of biomass degradation during liquefaction. But, recondensation affected the chemical functionalities in EFB polyol due to the presence of both interreactive cellulose-and lignin-derivatives.
FTIR analysis on EFB and EFBC PUFs were carried out to compare the chemical functionality of Figure 4c shows the IR spectra of EFB, EFBC, and PEGGly PUFs. All PUFs showed peaks that correspond to urethane and urea functional groups. Common peaks found included broad peaks at 3300 cm -1 (N-H) and 2900 cm -1 (C-H), peaks at 1650-1750 cm -1
(C=O), 1580-1615 cm -1 (aromatic ring stretch), 1190-1130 cm -1 (C-N stretch of an aromatic secondary amine), and 1200 cm -1 (urethane linkage). Intense peak at 1590 cm -1 in all PUFs spectra belongs to aromatics of PMDI (Huang et al. 2018) . The shifting of the 3400 cm -1 (O-H) peak in polyols to 3300 cm
in PUFs signifies that the OH groups had reacted with isocyanates (NCOs) to form urethanes. The reaction of NCOs with OHs could also be indicated by the absence of NCO peak, which commonly found at ca. 2280 cm -1 (Chen et al. 2018) . In addition to the formation of urethane and urea, NCO can also undergo dimerization to form carboimides and trimerization to produce an isocyanurate ring. Carboimides and isocyanurate ring peaks are located at 2140 cm -1 and 1420 cm -1 , respectively. The formation of isocyanurate ring in all PUFs could provide high crosslinking density, and stability at elevated temperatures (Bhattacharjee and Engineer 1996) . The peak at 1360 cm -1 in all PUFs represents the C-N stretching of aromatic amine from PMDI (Chen et al. 2018) . The protruding peak observed at 2915 cm -1 corresponds to C-H stretching vibration of carbonyl aldehyde in lignin (Islam et al. 2014) .
From Fig. 4c , it can be observed that the 1360 cm -1 peak is broader and more intense in EFB PUF than that of other PUFs. It is due to the presence of additional C-N stretching from phenolic urethanes produced via the reaction of aromatic phenolic OHs in the EFB polyol with NCOs. Phenolic urethane is less stable than aliphatic urethane, and it decompose at lower temperature. This could reduce the thermal stability of the EFB PUF. Besides, bulky phenolic structure might cause the EFB PUF to be brittle.
Compressive strength of the PUFs
The compressive behavior of a cellular material is a complex mechanism resulting from porosity and interconnected network of solid struts or plates that form cell edges and faces (cell membrane). In general, density is closely correlated to the mechanical behavior of most PUFs. Thus, discussions should focus on explaining the relationship between modulus and density to understand the compressive mechanism of PUFs. Table 2 shows the closed-cell content, density, and compressive properties of PUFs from EFB, EFBC, and PEGGly polyols (denoted as EFB PUF, EFBC PUF, and PEGGly PUF, respectively). From the tabulated data, the densities of EFB PUF, EFBC PUF, and PEGGly PUF measured 58.6, 64.5, and 67.7 kg/m 3 , respectively. As a result, foams with higher apparent density produced higher compressive modulus (Table 2) .
Compressive strength and the modulus of solid PUFs are mainly subjected to the linear elastic bending of struts to oppose the compressive force applied. However, additional mechanisms occur in closed-cell PUFs, i.e., cell membrane stretching and pressurization of enclosed gas. Concerning pressurization, the enclosed gas can be estimated to be at a maximum pressure of 101 kPa (1 bar) as it foamed under atmospheric pressure. Although the reaction was exothermic and released high heat energy, the synthesized PUFs underwent cooling at ambient temperature. Hence assuming 10% compression onto 101 kPa enclosed gas would contribute approximately & 10 kPa (0.01 MPa) pressurization out of the total compressive modulus. Therefore, comparing with the compressive modulus of the PUFs, gas pressurization plays a small role in determining the compressive strength of PUFs.
The effect of cell membrane stretching may play a significant role. Only closed-cell structures absorb compressive stresses by this mechanism. Hence, expectedly, foams with higher closed-cell content would feature higher compressive modulus as they possess more cell membrane. Table 2 shows that PUFs with higher closed-cell content possessed higher compressive modulus and strength.
At 10% strain, the compressive strength of EFB PUF, EFBC PUF, and PEGGly PUF totaled 41.0, 46.8 and 52.6 MPa, respectively. The gaps between these PUFs are remarkably large by comparison. Normalization of compressive strength with density is a more realistic metric to compare the PUFs since compressive strength of PUFs is proportional to q 3/2 (Gibson and Ashby 1999) . The normalized compressive strength of PUFs remain in the same order (EFB PUF \ EFBC PUF \ PEGGly PUF), but the values were almost similar. The lowest compressive strength, which was observed in EFB PUF, might be due to the lowest OH number possessed by EFB polyol. This result was observed given that a lower OH number polyols produce lower crosslinking density and amount of hard segments in PUFs (Li et al. 2015) .
Cellular morphology of PUFs
Mechanical properties are correlated with cellular morphology of PUFs. However, thorough morphological characterization via microscopy is rare and regularly afflicted by complexities to obtain reproducible results. However, the SEM micrographs in Fig. 5 can provide insights into the behavior of the PUFs. Figure 5a -c show the cellular morphologies and distributions of EFB, EFBC and PEGGly PUFs, respectively. The EFBC and PEGGly PUFs manifested almost similar cellular structures, but the EFB PUF cells were larger. The EFB PUF possessed the largest average cell diameter (782.89 lm) and the widest range of cell diameter, indicating that this PUF was the most heterogeneous among the sample PUFs. Cell diameter distributions of the PUFs approximately fitted a lognormal distribution. Large-pores evolution via coalescence of cells in all PUFs suggests that Ostwald ripening had occurred.
Molecular weight and OH number of polyol may affect the cellular structure of PUF. High molecular weight and low OH number had caused EFB polyol to produce EFB PUF with low crosslinking density and large cell sizes. Less reactive phenolic OH from lignin failed to rapidly form a stable PU network to prevent Although the molecular weight of EFBC polyol (292 Da) was lower than that of PEGGly polyol (652 Da), but the EFBC PUF resulted in larger cell size than PEGGly PUF. This was due to the lower OH number of EFBC polyol (270.49 mgKOH/g) compared to that of PEGGly polyol (372.60 mgKOH/g) (Table 1) , which lowers EFBC PUF crosslinking density than PEGGly PUF.
Thermal properties of PUFs
Mechanism of thermal degradation of PUs is very complex, especially when multifunctional components were used. Substantial heat energy is needed to break bonds in a bulky polymer structure such as a crosslinked PUs. In general, thermal degradation of PUs can be divided into two, decomposition of hard segments (urethane bonds), and decomposition of soft segments (ester and ether linkages). It comprises random-chain scission, chain-end scission (unzipping), and crosslinking (Chattopadhyay and Webster 2009) . Figure 6a , b show the PUFs thermogravimetric (TGA) and derivative thermogravimetric (DTG) curves, respectively.
From the results, only one stage of decomposition is shown in the TGA curves for all PUFs (Fig. 6a) , but more decomposition peaks were obtained in the DTG curves (Fig. 6b) . Therefore, the DTG curves were used to elucidate the thermal decomposition of the PUFs. The initial decomposition of PUFs at temperature of below 100°C occurred due to the release of trapped volatile substances (i.e., water and gases). Subsequent decomposition at 200°C and reached maximum at 350°C marked the depolymerization of urethane (200°C), urea (250°C), and isocyanurate (350°C) linkages into free NCOs and alcohol (Chattopadhyay and Webster 2009; Li et al. 2018 ). More than 60% decomposition occurred within this temperature range. At this temperature range, the EFB PUF was the first to decompose, followed by EFBC PUF and then PEGGly PUF. Although the difference in the decomposition temperatures is small, it portrays the thermal stability and the strength of chemical crosslink of the PUFs. The EFB PUF decomposed at lower temperature than the other PUFs because of the presence of phenolic urethane linkages. Reaction of phenolic OH and NCO into phenolic urethane is reversible. Phenolic urethanes are less stable than aliphatic urethanes, and could revert into phenols and NCOs at a certain temperature (Chattopadhyay and Webster 2009) . In a previous study, phenolic urethane was found to decompose at 120°C (Cao et al. 2017) . The high rate of decomposition of EFB PUF might also be attributed to low crosslinking density, since the EFB polyol possessed the lowest OH number and the highest molecular weight.
The decomposition of urethane bonds broke the PUs into polyols and free NCOs. Jiao et al. (2013) analyzed volatile products from the thermal decomposition of PUs at different temperatures using TGA-FTIR-mass spectroscopy (TGA-FTIR-MS). They found that the polyols released after the decomposition of urethane bonds degraded into aliphatic ether alcohols when temperature was further increased. From the FTIR analysis of evolved gaseous products, C-O-C bonds, stretching vibrations of C-H, CH 2 and CH 3 were obtained at 250-360°C, indicated the decomposition of polyether segments of the polyols. OH compounds, amine (N-H) groups of aromatic secondary amines, and carbonyl (C=O) groups of esters were also detected in temperature ranged 320-570°C. Besides that, two stages of CO 2 evolution were detected at 250-410°C and 410-670°C, respectively. In addition, they also identified other products, i.e. hydrogen cyanide (HCN), NO 2 and CH 3 OCH 3 via mass spectrometer (Jiao et al. 2013 ). In our study, the two stages evolution of CO 2 might be represented by the two decomposition peaks at 380-450°C and 450-520°C (Fig. 6b) . At 380-450°C, the DTG curve of PEGGly PUF showed a distinct peak of decomposition, whereby the EFB and EFBC PUFs displayed a shoulder peak. The shoulder peak formed is attributed to simultaneous decomposition of complex linkages produced in the EFB and EFBC polyols during liquefaction reaction (Niu et al. 2011) . The EFB PUF exhibited smaller peaks at both temperatures (380-450°C and 450-520°C) than the EFBC and PEGGly PUFs. This can be explained by the presence of higher thermal stability compounds in the EFB PUF. EFB polyol contained phenolic derivatives from lignin that might had formed hydrogen bonding with other compounds to form phenolic polymers in the polyol before crosslinked into EFB PUF (Mu et al. 2016) . The phenolic compounds could have higher thermal stability and decomposed at higher temperature.
The EFB PUF yielded higher amount of residue at 520°C than the other PUFs (Fig. 6a) , implying that it has other compounds which have higher thermal stability at this temperature. This result is consistent with the previous statement that the EFB PUF might possessed phenolic compounds that have higher thermal stability. Recondensation during the liquefaction of EFB could have also produced complex phenolic polymers in the EFB PUF (Niu et al. 2011) . Aromatic ring and methylene bridges of phenolic resin decomposed at 400-600°C (Blazsó and Tóth 1986; Paruzel et al. 2017) . Assuming the complex phenolic polymers in the EFB PUF has similar thermal decomposition of a phenolic resin, thus, the decomposition started at 520°C (Fig. 6b ) is belong to them. As the temperature was increased up to 900°C, char was produced. It can be seen that the EFB PUF produced the lowest weight of char at this temperature ( Fig. 6a ), signifying that it had the lowest carbon content.
Conclusions
The optimization of liquefaction temperature and time to obtain liquefied EFB-and EFBC-based polyols with minimum amount of residues was achieved. The physical and chemical properties of optimized EFB and EFBC polyols were analyzed and compared. Both EFB and EFBC shared the same optimum liquefaction temperature (175°C). However, longer time was needed to obtain the optimum EFBC polyol. Recondensation during liquefaction reaction resulted in higher molecular weight and viscosity of the EFB polyol than those of EFBC polyol. Comparatively, EFB PUF possessed larger cell sizes and distribution than EFBC PUF. OH number, molecular weight, and chemical compositions of polyols had influenced the compressive and thermal properties of PUFs. Overall, the compressive strengths of PUFs are in the order of EFB PUF \ EFBC PUF \ PEGGly PUF. Lastly, the EFBC and PEGGly PUFs possessed relatively similar thermal decomposition, but EFB PUF decomposed at slightly lower temperatures.
